The fungal pathogen Magnaporthe oryzae causes severe disease symptoms and yield losses on rice plants. A new study shows that this fungus elicits disease lesions by co-opting a host protein and reveals how rice plants fight back.
Magnaporthe oryzae is one of the most destructive fungal pathogens known to threaten the production of rice, a staple food for nearly 50% of the world's population. It routinely causes 10-30% yield losses, and in severe cases can result in complete losses in major rice-production areas. How this devastating pathogen causes disease on rice plants is of immense interest to scientists and of great importance for food security. In this issue of Current Biology, Wang et al. [1] uncover a mechanism by which M. oryzae advances disease lesions on rice plants.
Plant pathogens can be grouped into three categories based on their lifestyles on host plants [2] . Biotrophs such as Blumeria graminis, which causes wheat and barley powdery-mildew disease, and Puccinia striiformis, the agent of stripe-rust disease on wheat plants, must obtain nutrients from living host plants for their entire life cycle. Nectrotrophs such as Botrytis cineara and Sclerotinia sclerotiorum, which cause grey-mold and white-mold diseases, respectively, on numerous plant species, immediately kill host tissues upon infection and acquire their nutrients from dead tissues. The third group of phytopathogens, including M. oryzae and Colletotrichum spp., are referred to as hemibiotrophs. These pathogens assume a biotrophic lifestyle during the initial stages of infection but later adopt a necrotrophic lifestyle before completing their life cycles. Recent studies indicate that even pathogens traditionally considered as strict necrotrophs have a brief biotrophic phase on plants [3] . How such hemibiotrophic pathogens make a transition from the biotrophic phase to the necrotrophic phase is a key question in plant pathology.
Like animals, plants possess a powerful innate immune system to defend against potential threats by pathogenic microbes. Plant immune receptors include both plasma-membrane-localized and cytoplasmic immune receptors. Receptor kinases and receptor-like proteins located in the plasma membrane perceive the presence of various microbial molecules in the intercellular spaces, including the major fungal cell-wall component chitin and bacterial flagellin proteins. The perception of microbial molecules by immune receptors triggers defenses that restrict pathogen progression. However, adapted pathogens -those that are able to grow on a given plant host -must suppress or evade plant defenses. To accomplish this, biotrophic and hemibiotrophic fungi secrete numerous effector proteins into plant intercellular spaces or cytosol to inhibit plant defenses or manipulate other host processes to aid infection and colonization [4] . Although these effectors provide essential ammunition for pathogenesis, they also risk triggering plant immunity because some plants possess newly evolved plasmamembrane-localized and cytoplasmic immune receptors that are capable of perceiving them [5] . Understanding how fungal-pathogen effectors promote parasitism and trigger plant disease resistance is of great interest to researchers studying agriculture and plant-pathogen interactions. In particular, how effector proteins promote a necrotrophic lifestyle is completely unknown.
A major aspect of plant-pathogen interactions is the role of programmed cell death (PCD) in the plant during infection. It is well known that biotrophic and hemibiotrophic pathogens often trigger the hypersensitive response (HR), a form of PCD during which microbial proteins are recognized by the plant surveillance system [5] Dispatches produced by these pathogens are known to trigger plant PCD [6] , although the molecular bases of plant PCD during the HR and necrosis are poorly understood. The PCD that occurs during the HR is similar to necrosis or pyroptosis in animals, in that it involves rapid rupture of the plasma membrane [7] . In animals, the plasma membrane is directly ruptured by an oligomeric form of the mixed-lineage kinase domain-like protein during necrosis [8] and by a caspase-activated oligomeric form of the gasdermin D protein during inflammation [9] . In plants, PCD during the HR and necrosis involves autophagy and/or a metacaspase [10, 11] , but how these processes lead to plasma membrane rupture is not known.
Previous analyses of necrotrophic fungi showed that metabolites produced by these pathogens can actively trigger plant PCD. Notably, the PC toxin produced by Periconia circinata induces PCD in Arabidopsis plants by activating LOV1, a NOD-like receptor localized in the cytosol [12] . Oxalic acid, a toxin produced by Sclerotinia sclerotiorum, induces a type of necrosis in Arabidopsis plants that is characteristic of PCD by inhibiting autophagy [3] . Several effector proteins produced by the necrotrophic fungal pathogen Stagonospora nodorum act as host-selective toxins to induce necrosis in wheat plants [13] . Although the underlying mechanisms remain unknown, these toxins require specific host genes for their function, suggesting that they target specific host processes to induce PCD. Furthermore, the Arabidopsis transcription factor BOS1 and the E3 ligase BOI1 are required for disease resistance against Botrytis cinerea [6] , but it is not known if these host proteins are directly involved in the regulation of PCD. Understanding how pathogens induce necrosis will shed light on the regulation of plant PCD and may suggest strategies to reduce crop damage caused by necrotrophic and hemibiotrophic pathogens.
It remains poorly understood how hemibiotrophic fungal and oomycete pathogens make the transition from the biotrophic phase to the necrotrophic phase and how this leads to PCD in plants.
In the study published in this issue, Wang et al. [1] provide an in-depth analysis of the target of the M. oryzae effector protein AvrPiz-t. Previous studies from these authors showed that AvrPiz-t is a small cytoplasmic effector with unknown biochemical function that triggers disease resistance on rice plants carrying Piz-t, a NOD-like receptor protein that specifically recognizes AvrPiz-t [14] . In their new study [1] , these authors show that AvrPiz-t targets a rice protein called APIP5, which contains a bZIP DNA-binding domain. APIP5 appears to be a bona fide transcription factor, as it displays transcription-activation activity in yeast and in rice protoplasts. In the absence of Piz-t, transgenic expression of AvrPiz-t reduces the transcriptional activity of APIP5. Surprisingly, silencing of APIP5 leads to spontaneous development of necrotic lesions in transgenic rice plants in the absence of infection. Introduction of AvrPiz-t as a transgene into the APIP5-silenced plants further enhanced the development of necrotic lesions. Importantly, rice plants lacking Piz-t display a strong reduction of APIP5 protein 96 hours after M. oryzae infection, a time that coincides with the onset of the necrotrophic phase, suggesting that AvrPiz-t-induced turnover of APIP5 contributes to the development of necrotic lesions. These results lend strong support to the hypothesis that AvrPiz-t plays an active role in triggering necrosis during the necrotrophic phase of M. oryzae infection.
The authors previously showed that AvrPiz-t targets two rice E3 ligases, APIP6 and APIP10, and promotes their mutual degradation [15, 16] . Through an unknown mechanism, AvrPiz-t inhibits the E3-ligase activities of APIP6 and APIP10. The interactions between AvrPiz-t and the two E3 ligases lead to the suppression of immunity mediated by plasmamembrane-localized immune receptors when Piz-t is absent, a situation that likely benefits M. oryzae in the biotrophic phase. Together, the results from previous and current studies demonstrate that AvrPiz-t targets multiple host proteins and suggest that AvrPiz-t plays a dual role in both the biotrophic and necrotrophic phases.
Interestingly, APIP10 also promotes the degradation of Piz-t, whereas the inhibition and degradation of the APIP10 E3 ligase by AvrPiz-t stabilizes Piz-t [16] , an action that promotes recognition of AvrPiz-t and disease resistance in plants. Surprisingly, the current study shows that Piz-t also competes with AvrPiz-t to interact with APIP5, resulting in APIP5 stabilization. In rice plants carrying Piz-t, AvrPiz-t is unable to induce APIP5 degradation. Incorporation of Piz-t into APIP5-silenced plants alleviates necrosis, suggesting that Piz-t inhibits necrosis at the necrotrophic phase by stabilizing APIP5. Thus, in addition to triggering immunity upon the recognition of AvrPiz-t in the biotrophic phase, Piz-t also appears to block AvrPiz-t-induced necrosis in the necrotrophic phase, a role previously unknown for the NOD-like receptors.
The series of studies by these authors illustrate remarkably intimate interactions between AvrPiz-t and the plant surveillance system. Not only might AvrPiz-t promote parasitism by acting in both biotrophic and necrotrophic phases, but in addition the Piz-t-mediated disease resistance in rice plants may also act in two phasestriggering active defense in the biotrophic phase and blocking necrosis in the necrotrophic phase. These findings raise a number of important questions. What is the biochemical function of AvrPiz-t? The AvrPiz-t-induced degradation of APIP6 and APIP10 is blocked by a proteasome inhibitor, suggesting that its biochemical function is related to the ubiquitinationproteasome system. What is the mechanism underlying the APIP5-regulated necrosis? APIP5-silenced plants display constitutive defense gene expression, which is similar to defense responses associated with the HR PCD. If this is the case, how does AvrPiz-t avoid triggering PCD and defense during the biotrophic phase? The relationship between APIP5 and Piz-t during infection is intriguing. It remains to be answered how these two proteins stabilize each other in the presence of AvrPiz-t. Finally, the finding that APIP5 negatively controls PCD provides a new opportunity to investigate the molecular basis of the poorlyunderstood plant PCD process in plants.
